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Iron-regulatory protein 1 (IRP1) is a dual-function protein with
mutually exclusive roles as a posttranscriptional regulator of ani-
mal-cell iron metabolism or as the cytosolic isoform of the iron–
sulfur enzyme aconitase (c-acon). Much effort has focused on the
role of IRP1 in posttranscriptional gene regulation and in factors
that influence its interconversion with c-acon, but little is known
about the metabolic function and regulation of c-acon. The role of
PKC-dependent phosphorylation of S711 on IRP1�c-acon function
was examined. Phosphorylation state-specific antibodies revealed
that S711 is phosphorylated by PKC in vitro and in human embry-
onic kidney cells treated with a PKC activator. In aco1 yeast, the
phosphomimetic mutants S711D and S711E exhibited severely
impaired aconitase function, whereas S711A and S711T were
unaffected relative to the WT protein. Aconitase activity in yeast
extracts displayed a similar pattern when assayed for capacity to
convert citrate to isocitrate: WT, S711A, and S711T were active, but
S711D and S711E activity was undetectable. In contrast, when
measured by the conversion of isocitrate to cis-aconitate, S711D
and S711E displayed substantial activity, indicating that phosphor-
ylation impairs the citrate but not isocitrate mode of aconitase
function. This possibility was confirmed in vivo by demonstrating
that S711D and S711E specifically antagonized the requirement for
isocitrate in two metabolic scenarios. Iron-responsive element
RNA-binding affinity was unaffected by S711 mutations. Our
results show that S711 is a target of phosphorylation capable of
conferring distinct effects on c-acon function potentially dictating
changes in cytosolic citrate�isocitrate metabolism.

I t is critical that organisms balance the metabolic requirement for
iron with its potential toxicity. Vertebrates possess an elegant

system to sense cellular iron status, regulate the uptake and
metabolic fate of iron, and thereby maintain iron homeostasis.
Iron-regulatory protein 1 (IRP1) and IRP2 are sensory components
of this critical regulatory network that promote increased iron
uptake when cells are iron depleted and storage of iron when cells
are iron overloaded (1, 2). IRPs control mRNA fate by binding to
iron-responsive elements (IRE) in the untranslated regions of
mRNA encoding proteins that control iron homeostasis. The
RNA-binding activity of IRP can be regulated by multiple factors.
Iron promotes the loss of IRP1 RNA-binding activity through
insertion of a [4Fe–4S] cluster into the protein, converting it to the
cytosolic isoform of the tricarboxylic acid (TCA) cycle enzyme
aconitase (c-acon). Solvent accessibility of the Fe–S cluster in
aconitases allows for perturbants to promote loss of the cluster from
c-acon, converting it to IRP1 (1, 2). Consequently, reactive species
such as NO and H2O2 are able to promote removal of the Fe–S
cluster, favoring generation of IRP1 from c-acon, although H2O2
may do so through direct and indirect mechanisms (reviewed in
refs. 1 and 2).

Whereas much is known about the role of IRP1 as an RNA-
binding protein, relatively little is understood about its function in
intermediary metabolism as the cytosolic aconitase. Aconitases are
ancient enzymes that are present in organisms from eubacteria to
humans and are members of a superfamily of dehydratases that

require an [4Fe–4S] iron–sulfur cluster to perform their varied
enzymatic roles (3). Aconitases catalyze two separate reactions, the
conversion of citrate to cis-aconitate and cis-aconitate to isocitrate,
and the binding of all three compounds to the Fe–S cluster is
required for catalysis. The nature of the overall aconitase reaction
is such that the intermediate cis-aconitate must dissociate from the
enzyme and bind in a topologically different mode for the next
reaction to proceed (4).

Three families of aconitases are known: the acnB family of
prokaryotes, the eukaryotic mitochondrial aconitase (m-acon)
family, and the acnA�IRP family found in both prokaryotes and
eukaryotes (3). In mammals, there are individual mitochondrial
and cytosolic aconitases that are members of the latter two gene
families. Interest has focused on the potential differing roles of
specific aconitases, and in Escherichia coli, acnB is the major
aconitase expressed during logarithmic-phase growth, whereas
acnA is induced during the stationary phase or in response to
oxidative stress (5, 6). The evidence suggests a potential role of both
enzymes in iron metabolism. Like IRP1, some bacterial aconitases
are RNA-binding proteins when devoid of their Fe–S cluster (7, 8).
Despite the discovery of c-acon decades ago, the physiological role
in mammalian systems remains ill defined.

We have demonstrated that IRP1 and IRP2 also are regulated
by PKC-dependent phosphorylation (9–13). Treatment of
HL-60 cells with a PKC activator increases IRP1 phosphoryla-
tion and RNA-binding activity, with a concurrent increase in
transferrin receptor mRNA level (9, 10). Two PKC phosphor-
ylation sites, S138 and S711, have been proposed in IRP1 (9). It
was also demonstrated that phosphomimetic mutants of S138
exhibit a cluster-instability phenotype, suggesting that phosphor-
ylation alters the set point for iron regulation of IRP1 (11, 12).
Finally, we (S.L.C. and R.S.E., unpublished data) and others (14)
have found that S138 phosphomimetic mutants of IRP1 undergo
iron-dependent degradation.

Relatively less is known about the role of S711 in IRP1 phos-
phoregulation. S711 is located near R699, which is required for
citrate�isocitrate binding, and R728, R732, and other residues
involved in RNA binding (15), suggesting that phosphorylation
might target one or both of these functions. Interestingly, the S711
region is highly conserved in bacterial acnA enzymes and in
IRP1�c-acon in species from Drosophila to humans, whereas in
IRP2, which is not an aconitase, this region also is well conserved
with the exception that residue 711 is an Ala. Hence, defining the
consequence of S711 phosphorylation on aconitase function may
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provide insight into uncharacterized roles of aconitases in multiple
systems.

In this report, a study of the second proposed site of PKC-
dependent phosphorylation of IRP1, S711, is described. These
studies reveal that S711 of IRP1 is phosphorylated by PKC in vitro
and in vivo in human embryonic kidney (HEK) cells. Aconitase
activity of S711 phosphomimetic mutants is preferentially inhibited
in the citrate mode of c-acon function. Interestingly, substitution of
phosphomimetic amino acids for S711 failed to affect the RNA-
binding affinity of IRP1. These results show that S711 is a target of
PKC-dependent phosphorylation, which confers distinct effects on
c-acon function potentially capable of dictating changes in cytosolic
citrate and isocitrate metabolism.

Experimental Procedures
Yeast Strains and Culture Conditions. The aconitase-deficient aco1
strain 0615d (MATa, ura3-52, trp1-�63, his3-�200, aco1, ade2) was
used for the analysis of the aconitase function of IRP1 (16).
Transformed 0615d cells were maintained in synthetic complete
(SC) medium with 2% dextrose lacking uracil (SD-ura). All cultures
were grown at 30°C. �zwf1 and �zwf1��idp2 strains that contain
either a kanamycin-resistance or ura3 gene inserted into the glu-
cose-6-phosphate dehydrogenase (ZWF1) and cytosolic NADP-
linked isocitrate dehydrogenase (IDP2) genes, respectively, of the
parental haploid strain S173-6B (MATa leu2-3,112 his3-1 ura3-52
trp 1-289) (17) were used. �zwf1cells transformed with pYAD (16)
plasmids expressing IRP1 were grown on SD-ura plus kanamycin.
�zwf1��idp2 cells were maintained on SD-ura plus kanamycin. To
determine whether IRP1 mutants antagonized the requirement for
isocitrate, transformed �zwf1 cells were grown in SC-ura plus 2%
dextrose, 2% glycerol, or 2% acetate with or without H2O2.

Site-Directed Mutagenesis of IRP1. The S711 codon was mutated to
GCA, GAT, GAA, or ACC to code for A, D, E, and T, respectively,
with QuikChange (Stratagene) or a PCR method (18). DNA
sequencing confirmed the mutation.

Yeast Extract Preparation and Aconitase Assays. Yeast extracts were
from mid-logarithmic-phase cells grown in SC-ura (11). Protein
concentration was determined by using bicinchoninic acid (Pierce).
Activity assays were performed against a blank with all assay
components but substrate. Citrate-to-isocitrate conversion was
measured by coupling to yeast Idp (GE Healthcare, Piscataway, NJ)
and monitoring NADPH production in 0.1 M Tris-Cl (pH 8.0)
containing 1.0 mM each of MgCl2, NADP�, and disodium citrate,
and 0.4 unit of Idp (19). Isocitrate-to-cis-aconitate conversion was
monitored directly at 240 nm in 0.1 M Tris-Cl (pH 8.0)�10 mM
D-isocitrate (20 mM DL-isocitrate) (20). A unit of activity (U) is 1
�mol of product formed per min at 25°C.

RNA-Binding Assays. IRE RNA-binding analysis was performed by
gel shift using 0.2–1.0 �g of cell extracts (11). Kd determination was
made by RNA saturation analysis under equilibrium conditions
using an RNA concentration range from 5.0 pM to 2.0 nM and
through curve fitting using PRISM 4.0 software (GraphPad, San
Diego). Bmax determination used 1 nM RNA.

Immunoblotting. Lysate protein (5 �g) was blotted as described in
ref. 10. Antibodies produced against either IRP1 or the c-myc
epitope at the C terminus of IRP1, horseradish peroxidase-coupled
second antibody, and a chemiluminescence kit (SuperSignal,
Pierce) were used. Blots were quantified by densitometry.

Antibodies. Antibodies against IRP1 were described in ref. 9. Rabbit
phosphospecific antibodies against REFNSYG(p)S711RRGNDA,
where (p)S denotes phosphoserine, were made and affinity-purified
(BioSource International, Camarillo, CA).

Tissue Culture. HEK 293 cells expressing IRP1 were produced by
using the Flp-In T-REx system (Invitrogen).

The results are representative of at least three experiments and
are reported as mean � SEM unless noted otherwise.

Results
S711 Is a PKC Phosphorylation Site in IRP1. Our laboratory has
demonstrated that IRP1 is an efficient substrate for PKC and that
a peptide fragment of the S711 region is phosphorylated by PKC
(9). To demonstrate that S711 is a phosphorylation site, phosphor-
ylation state-specific antibodies against S711 were generated. These
antibodies recognize purified recombinant WT IRP1 or the S138A
mutant of IRP1 when they have been phosphorylated by PKC (Fig.
1A, lanes 2 and 4) but fail to recognize nonphosphorylated WT or
S138A IRP1 (Fig. 1A, lanes 1 and 3). The S711A mutant of IRP1
was not recognized whether it was PKC phosphorylated or not (Fig.
1A, lanes 5 and 6). Reprobing of the blot from Fig. 1A with an
antibody against the entire IRP1 protein showed equal loading of
all samples (Fig. 1B). The S711-phosphospecific antibody also was
used to probe the IRP1 phosphorylation state in HEK 293 cells
expressing WT IRP1 and treated with or without phorbol 12-
myristate 13-acetate (PMA) for 1 or 3 h. In cells treated with diluent
only, the S711-phosphospecific antibody failed to recognize IRP1
(Fig. 1C, lanes 1 and 3). In contrast, a strong band was observed at
Mr �100,000 1 h after treatment of the cells with 1 �M PMA, which
increased in intensity by 1.7-fold after 3 h of PMA treatment (Fig.
1C, lanes 2 and 4). PMA did not alter the IRP1 protein level (Fig.
1D, lanes 1–4).

Phosphomimetic Mutations Introduced at S711 of IRP1 Impair Its
Function as an Aconitase in aco1 Yeast. To investigate the role of
phosphorylation of S711 on the ability of IRP1 to function as an
aconitase, S711 was mutated to either aspartate (S711D) or glu-
tamate (S711E) to mimic the effects of phosphorylation or to either
nonphosphorylatable alanine (S711A) or threonine (S711T) as a
further control, and the mutants were examined for their ability to
rescue aconitase-deficient (aco1) yeast from glutamate auxotrophy.
Aconitase-deficient (aco1) yeast cells are auxotrophic for glutamate
presumably because TCA cycle flux is blocked and they cannot
produce sufficient �-ketoglutarate (16, 21). When transformed with

Fig. 1. Serine-711 of IRP1 is phosphorylated in vitro and in vivo. (A and B)
Purified recombinant WT (lanes 1 and 2), S138A (lanes 3 and 4), or S711A (lanes
5 and 6) rabbit IRP1 (56 ng of protein) were treated without (lanes 1, 3, and 5)
or with (lanes 2, 4, and 6) PKC in the presence of 158 �g�ml phosphatidylser-
ine, and 0.3 mM unlabeled ATP for 2 h (9). (A) Immunoblot with S711-
phosphospecific antibody. (B) Reprobing of immunoblot in A with anti-rat
liver IRP1 antibody (9) after stripping the membrane. (C and D) HEK 293 cells
expressing WT IRP1 were treated with diluent (lanes 1 and 3) or 1 �M PMA for
1 or 3 h (lanes 2 and 4). Cells were lysed (9), and lysate protein (50 �g) was
immunoblotted. (C) Immunoblot with S711-phosphospecific antibody. (D)
Same blot as in C, stripped and reprobed with nonphosphospecific antibody
against S138 region (9).
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an aconitase gene, such as that encoding IRP1, aco1 yeast are
rescued from glutamate auxotrophy (Fig. 2 A and B) (16). Both
S711A and S711T supported aconitase-dependent growth as well as
did the WT protein. However, the growth of yeast expressing the
phosphomimetic S711D protein was significantly impaired in the
absence of glutamate (Fig. 2B). Cells expressing S711E failed to
grow in the absence of glutamate in the time frame of this
experiment. In aco1 cells, the expression levels of S711A, S711D,
and S711T protein were all 75–80% of the WT protein, whereas
S711E was expressed at 44% of WT (see Fig. 3C). Hence, substi-

tution of a phosphomimetic amino acid for S711 selectively reduces
the ability of IRP1�c-acon to support aconitase-dependent growth.

Rate of Conversion of Citrate to Isocitrate in Extracts of Yeast
Expressing WT and S711 Mutants Mimics Growth Response. The
ability of extracts from yeast grown in liquid culture to convert
citrate to isocitrate was determined. Extracts of nontransformed
aco1 yeast contained negligible activity (0.53 � 0.36 mU�mg of
protein) (Fig. 3A). When WT IRP1 was expressed, the aconitase
activity was 6.84 � 0.55 mU�mg of protein. S711A IRP1 displayed
an activity of 5.09 � 0.68 mU�mg of protein, which was similar to
that of WT IRP1. Cells expressing S711T converted citrate to
isocitrate with an activity of 4.36 � 0.42 mU�mg of protein, which
was 64% of WT activity. In extracts of cells expressing S711D
(0.07 � 0.07 mU�mg of protein) or S711E (0.56 � 0.40 mU�mg of
protein), aconitase activity was not detectable. Thus, S711D and
S711E are severely impaired in the ability to convert citrate to
isocitrate, consistent with their reduced ability to support gluta-
mate-dependent growth of aco1 yeast.

S711 Phosphomimetic Mutants Actively Convert Isocitrate to cis-
Aconitate. Given the proximity of S711 to residue R699, which, on
the basis of sequence identity with m-acon, is required for substrate
binding, it seemed relevant also to determine the ability of the WT
and S711 mutants to convert isocitrate to the intermediate cis-
aconitate. Furthermore, studies on the equivalent Arg residue of
m-acon have shown that mutating this residue can greatly reduce
enzymatic activity in general but preferentially impairs the citrate-
to-isocitrate reaction (22).

Activity for the isocitrate-to-cis-aconitate reaction was not
detected in extracts of nontransformed cells (0.19 � 0.19 mU�mg
of protein) (Fig. 3B). Extracts from cells expressing WT IRP1
had an activity of 24.2 � 0.67 mU�mg of protein. Extracts
containing S711A IRP1 had an activity of 21.7 � 1.4 mU�mg of
protein. Extracts from cells expressing S711T had a rate of 15.4 �
1.4 mU�mg of protein that was 64% of the WT rate. In contrast
to what was observed for the citrate-to-isocitrate reaction, both
phosphomimetic mutants exhibited a rate of conversion of
isocitrate to cis-aconitate that was equivalent to (S711D) or
somewhat lower than (S711E) that observed for the WT protein.
S711D and S711E converted isocitrate to cis-aconitate at a rate
of 23.5 � 2.8 and 4.4 � 0.6 mU�mg of protein, respectively. The
level of expression of WT and S711 IRP1 mutants expressed in
aco1 cells grown in liquid culture was then determined. A
representative immunoblot is shown in Fig. 3C. Analyzing three
separate transformants (mean � SEM), we found that S711A
(77 � 4%), S711D (79 � 8%), and S711T (75 � 11%) were
expressed at a similar level, whereas S711E (44 � 11%) was
noticeably lower when expressed as a percent of WT IRP1
expression. Hence, when normalized to WT IRP1 protein level,
the activity in converting isocitrate to cis-aconitate was 24.2,
28.2, 29.7, 10.0, and 20.5 mU�mg of protein for the WT, S711A,
S711D, S711E, and S711T proteins, respectively.

The aconitase activity measurements were expressed as the ratio
of the rates of conversion of isocitrate to cis-aconitase relative to the
conversion of citrate to isocitrate. Purified native c-acon has a ratio
of 2.8, and m-acon has a ratio of 3.8 (23). WT, S711A, and S711T
IRP1 expressed in yeast had ratios of 3.8 � 0.3, 4.7 � 0.1 and 4.2 �
0.8 (mean � SEM, n � 3), respectively. To determine whether
activity in converting citrate to isocitrate on the part of the S711D
and S711E mutants could be detected, the Fe–S cluster in purified
recombinant protein was reconstituted with iron and sulfide (11).
After reconstitution, specific activities for WT, S138D, and S138E
were 8.3, 1.1, and 0.4 U�mg of protein, respectively, for the
conversion of citrate to isocitrate; the activity in converting isocit-
rate to cis-aconitate was 22.7, 26.5, and 8.5 U�mg of protein,
respectively. Under these conditions, the ratio of the rates for
isocitrate to cis-aconitate relative to the rate of conversion of citrate

Fig. 2. A phosphomimetic mutant impairs aconitase function in a yeast
complementation assay. The aco1 yeast strain 0615d was or was not trans-
formed with plasmids encoding WT or S711 IRP1 mutants. Individual colonies
were grown to mid-logarithmic phase and washed, and then serial 10-fold
dilutions were spotted onto SD-ura plates with glutamate (A) or without
glutamate (B) for 5 days (11).

Fig. 3. Selective inhibition of the citrate-to-isocitrate aconitase reaction by
phosphomimetic mutation of S711. Extracts of transformed or nontrans-
formed aco1 cells grown to mid-logarithmic phase (11) were assayed for
aconitase activities. (A) Conversion of citrate to isocitrate (19). (B) Conversion
isocitrate to cis-aconitate (20). (C) IRP1 level in extracts (5 �g of protein)
determined by immunoblotting with an antibody against the myc-epitope tag
on IRP1. Lane 1, nontransformed; lane 2, WT; lane 3, S711A; lane 4, S711D; lane
5, S711E; lane 6, S711T.

Pitula et al. PNAS � July 27, 2004 � vol. 101 � no. 30 � 10909

BI
O

CH
EM

IS
TR

Y



to isocitrate was 24:1 and 21:1 for S711D and S711E, respectively,
and 2.7 for WT protein. Taken together, these results indicate that
the replacement of S711 with a phosphomimetic amino acid
selectively and dramatically impairs the ability of c-acon to convert
citrate to isocitrate.

S711 Phosphomimetic Mutants of IRP1�c-acon Antagonize the Re-
quirement for Cytosolic Isocitrate. The observations described above
suggested that alterations of c-acon activity induced by phosphor-
ylation of S711 may influence isocitrate metabolism. In yeast (25)
and mammalian cells (26), Idp2p is important in protecting cells
against oxidative stress, and mammalian Idp2p generates NADPH
that is necessary for redox maintenance (24). Hence, it was rea-
soned that the S711D and S711E mutants of c-acon might impair
the ability of yeast to survive oxidative stress by competing against
Idp2, a key source of NADPH, for isocitrate.

To test this hypothesis, we used Saccharomyces cerevisiae strains
that are compromised in their ability to handle oxidative stress:
�zwf1, which lack glucose-6-phosphate dehydrogenase (G6PD),
and �zwf1��idp2, which lack G6PD and Idp2. �zwf1��idp2 cells
cannot survive in the presence of oxidant stress such as that induced
by H2O2, because they are defective in the capacity to generate
cytosolic NADPH (25). A single mutation in either gene is nonle-
thal when cells are exposed to oxidative stress. However, in �zwf1
cells, Idp2 is essential for survival in response to H2O2 and other
oxidants (25). Hence, we tested the ability of phosphomimetic
S711D and S711E proteins to antagonize Idp2 activity and mimic
the �zwf1��idp2 double-mutant phenotype in �zwf1 cells. When
plated onto media with glucose as the sole carbon source, the
nontransformed �zwf1 cells, the �zwf1 cells expressing WT or the
S711 mutants of IRP1, and the �zwf1�idp2 cells all grew identically
(results not shown). To induce oxidative stress, the cells were grown
with glycerol as the carbon source, with or without H2O2. Neither
the WT nor any of the S711-mutant proteins antagonized the ability
of �zwf1 cells to survive when grown on glycerol in the presence of
low (0.5 mM) H2O2 (Fig. 4 A and B). The reduced ability of the
�zwf1��idp2 double mutant to grow was used as a positive control
for the presence of oxidative stress when cells are grown on a
nonfermentable carbon source. However, when �zwf1 cells were
plated on media containing a higher concentration of H2O2 (1.0
mM) (Fig. 4C), the cells expressing S711E and particularly S711D
were either impaired or unable to grow, whereas the cells expressing
WT, S711A, or S711T were unaffected. Interestingly, the cells
expressing S711D showed the most dramatic effect, and this is the
mutant that displayed both a high ratio of isocitrate-to-cis-aconitate

activity relative to the citrate-to-isocitrate activity and also dis-
played an absolute rate of conversion of isocitrate to cis-aconitate
that was similar to that observed for the WT protein. Hence, these
results demonstrate that the S711 phosphomimetic mutants are
specifically capable of antagonizing the requirement for cytosolic
isocitrate.

The ability of WT and S711 mutants of c-acon�IRP1 to influence
yeast growth when acetate is the carbon source was examined. In
this situation, isocitrate is required to fuel the glyoxylate cycle.
�zwf1 cells expressing the S711D mutant of IRP1 failed to grow on
acetate (Fig. 5A). The �zwf1��idp2 double mutant was able to grow
on acetate plates, in contrast to cells expressing the S711D mutant,
showing that the observed growth defect is not solely because of an
oxidative stress response but is specific to the requirement for
isocitrate in certain metabolic pathways. When �zwf1 cells were
grown in the presence of acetate plus 0.5 mM H2O2, which should
further enhance the need for isocitrate, expression of S711E
antagonized cell growth relative to that observed for cells express-
ing the WT, S711A, or S711T proteins (Fig. 5B). Collectively, these
results show that the direct impact of phosphomimetic S711 mu-
tants on isocitrate usage can result in a discernible in vivo effect on
cellular metabolism.

RNA-Binding Activity of WT and S711 Mutants of IRP1. Extracts
containing WT IRP1 had an IRE-binding activity of 24.7 � 1.9
pmol�mg of protein (Fig. 6 A and B). S711A and S711T mutants
had RNA-binding activities of 17.5 � 3.4 and 16.4 � 2.5 pmol�mg
of protein, respectively. Because the abundance of both S711A and
S711T proteins was reduced by about 20%, compared with WT
IRP1, it is apparent that these proteins bound the ferritin IRE with
a similar capacity per unit of total IRP1 protein. RNA-binding
activity of the phosphomimetic mutants S711D and S711E was
11.5 � 2.5 and 4.0 � 0.6 pmol�mg of protein, respectively. When
normalized to IRP1 protein level (see Fig. 3C), the RNA-binding
activity of S711D and S711E was estimated to be 15 and 9 pmol�mg
of protein, which is lower than that observed for WT, S711A, or
S711T IRP1. Because these differences in spontaneous IRE-
binding activity could be the result of a difference in the distribution
of IRP1 between its RNA-binding and aconitase forms, the extracts
were treated with 2% 2-mercaptoethanol to estimate total binding
activity. After 2-mercaptoethanol, the RNA-binding activity of
S711A, S711D, and S711T was 70–80% of WT IRP1 when nor-
malized to IRP1 protein level, whereas S711E was about 40% of
WT IRP1, indicating that a portion of S711E was not active for
RNA binding.

IRP1 has been reported to bind to the ferritin IRE with a Kd

Fig. 4. Expression of S711 phosphomimetic mutants increases susceptibility
to oxidative stress. The yeast double mutant �zwf1��idp2 cannot grow in the
presence of H2O2 (17). �zwf1 cells were or were not transformed with plasmids
expressing WT or S711 IRP1 mutants to assess their ability to antagonize Idp2p
activity through competition for isocitrate. Cells were grown in SD plus
kanamycin media to mid-logarithmic phase and washed, and then serial
10-fold dilutions were spotted onto SC plus glycerol plates without (A) (11) or
with the addition of 0.5 mM H2O2 (B) or 1 mM H2O2 (C). Immunoblotting gave
relative levels (shown in parentheses) of IRP1 in �zwf1 extracts from cells
grown in liquid culture: WT (1), S711A (0.7), S711D (0.4), S711E (1.1), and S711T
(1.5) (results not shown).

Fig. 5. Expression of S711 phosphomimetic mutants antagonizes glyoxylate
cycle function. �zwf1 cells transformed or not transformed with plasmids
expressing WT and S711 mutants were assayed for their ability to grow when
acetate was the carbon source. Cells were grown to mid-logarithmic phase in
SD with appropriate selections and washed, and then serial 10-fold dilutions
were spotted on SC-media containing 2% acetate without (A) or with (B) 0.5
mM H2O2.
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ranging from 20 to 100 pM (13). As in our previous work (11), WT
IRP1 expressed in yeast bound the rat L-ferritin IRE with an
affinity of 34 � 9 pM (n � 3), whereas S711D and S711E exhibited
a Kd of 98 � 46 pM (n � 3) and 73 � 20 pM (n � 2), respectively
(Fig. 6C). Hence, the S711 phosphomimetic mutants retain the
ability to bind the IRE with high affinity.

Discussion
Previous work from our laboratory has established that IRP1 can
be phosphorylated by PKC in vitro and that there are two major
phosphorylation sites (9). Ser-138 and Ser-711 were identified as
putative sites of PKC action in IRP1 on the basis of the ability of
the kinase to phosphorylate peptide fragments of these regions of
IRP1 (9). In the study reported here, phosphorylation state-specific
antibodies that recognize IRP1 when it is phosphorylated at S711
were used. By using recombinant WT and phosphorylation-site
mutants of IRP1, bovine brain PKC was shown to specifically
phosphorylate S711 in vitro. Furthermore, S711 was phosphory-
lated when HEK 293 cells expressing WT IRP1 were treated with
PMA. These findings demonstrate that S711 is a phosphorylation
site in vivo and set the stage for our structure�function studies of this
phosphorylation site.

Initially, aco1 yeast was used as a means to determine the extent
to which insertion of phosphomimetic amino acids for S711 affected
the ability of IRP1 to serve as an aconitase in vivo. In this context,
the S711A and S711T mutants along with WT c-acon rescued aco1
yeast from glutamate auxotrophy. In contrast, the two phosphomi-
metic mutants S711D and S711E were very poor or not able,
respectively, to rescue aco1 cells, supporting the concept that
phosphorylation at S711 impairs the ability of c-acon to convert
citrate to isocitrate. This finding was further supported when the
ability of yeast extracts expressing WT or S711 mutants of IRP1 to
convert citrate to isocitrate was determined. Aconitase activity in
yeast extracts measured in this manner was not detectable for the
two phosphomimetic proteins, although a low level of activity was
observed when purified protein was reconstituted with iron and
sulfide. Hence, measurements of the ability of WT and S711
mutants to convert citrate to isocitrate reflected the growth results
with aco1 yeast.

Given the fact that some active site mutants of m-acon display
differential effects on specific reactions of m-acon (22), although
greatly reducing overall activity, the ability of the S711 mutants to
convert isocitrate to cis-aconitate also was examined. Interestingly,
the phosphomimetic mutants, especially S711D, retained signifi-
cant activity when their capacity to convert isocitrate to cis-
aconitate was determined. In fact, the two phosphomimetic mu-
tants display a ratio of rates for conversion of isocitrate to cis-
aconitate relative to the citrate-to-isocitrate reaction that is on the
order of 7-fold higher than WT, S711A, or S711T. Importantly, the
fact that S711T behaved like WT whereas S711D displayed a very

different ratio suggests that side-chain charge has a greater role
than side-chain size in influencing aconitase function in this regard.
To confirm these findings, the ability of the S711 phosphomimetic
mutants to compete with other enzymes for isocitrate was deter-
mined in two metabolic scenarios where isocitrate is required for
cell viability: (i) the use of isocitrate to generate cytosolic reducing
equivalents during oxidative stress, and (ii) the requirement for
isocitrate to fuel the glyoxylate cycle. In both scenarios, both
phosphomimetic mutants antagonized growth of yeast requiring
increased levels of cytosolic isocitrate, and the phenotype observed
was directly related to the overall activity of each mutant. In other
words, cells expressing S711D displayed a greater velocity of
converting isocitrate to cis-aconitate and also displayed a greater
antagonism of the requirement for cytosolic isocitrate. Hence, these
results suggest that phosphorylation of IRP1 at S711 alters cytosolic
citrate and isocitrate metabolism.

Enzymatic, spectroscopic, and crystallographic analyses of m-
acon provide insight into how phosphorylation of IRP1 might alter
specific aspects of the reaction mechanism of c-acon. First, m-acon
catalyzes the second and third steps in the TCA cycle, conversion
of citrate to cis-aconitate and conversion of cis-aconitate to isocit-
rate. The aconitase mechanism requires stereospecific trans re-
moval of water from the C� and C� carbons of citrate or isocitrate
and then trans addition of water across the double bond of
cis-aconitate (4). From a variety of enzymological data, it was
inferred that after dehydration of citrate or isocitrate, the cis-
aconitate formed must dissociate from the enzyme, rotate 180°, and
rebind for the hydration to occur trans relative to the dehydration
reaction and using the proton retained by the enzyme (reviewed in
ref. 4). Second, the [4Fe–4S] cluster of aconitases contains one iron
atom that directly binds substrate. The manner of this binding
results in the different placement of the acetyl moiety of the C� of
citrate and isocitrate in the active site (reviewed in ref. 4). This
mechanism dictates that cis-aconitate must bind to the enzyme in
two ways, one referred to as the citrate mode and the other as the
isocitrate mode, depending on the direction of the reaction. Support
for this dual binding mode comes from crystallographic studies of
aconitase with various natural substrates and transition-state ana-
logs or with sulfate bound as a model of substrate-free enzyme (27).
Third, the crystallographic investigations demonstrate that there
are significant structural rearrangements of the active site cleft,
including formation of different salt bridges, as well as some
surface-exposed regions, depending on the substrate bound (27).
How might these factors contribute to the selective effect of S711
mutation on the citrate mode of c-acon activity?

It is noteworthy that S711 is modeled to be near the entrance to
the cleft in c-acon and is in close proximity to R699 which,
compared with m-acon, is one of several residues required for
citrate or isocitrate binding. In addition, there are conformational
changes in surface regions of m-acon transmitted from the active

Fig. 6. IRE RNA-binding activity in yeast extracts. RNA-binding activity was determined by gel-shift assay. (A) IRE RNA-binding activity was determined in yeast
extracts as follows: lane 1, nontransformed; lane 2, WT IRP; lane 3, S711A; lane 4, S711D; lane 5, S711E; and lane 6, S711T. 1 nM RNA was used. (B) RNA-binding
activity for transformants expressing WT or the S711 mutants of IRP1 plus nontransformed cells (n � 3 independent colonies). The spontaneous (gray bars) or
2% 2-mercaptoethanol-induced total (black bars) IRE RNA-binding activity was determined. (C) An RNA saturation analysis for extracts containing WT, S711D,
or S711E IRP1.
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site on binding of substrate (27). One way in which phosphorylation
at S711 may selectively inhibit the citrate conversion to isocitrate
might involve altered formation or elimination of salt bridges in the
cleft that impair binding or release of cis-aconitate in the citrate
mode or perhaps reduce the ability to displace citrate from the
enzyme. Release of cis-aconitate is the rate-limiting step for m-acon
(28). The work described in Fig. 3A used 1 mM citrate, which argues
against a mere Km effect of the S711 mutations because the Km of
c-acon for citrate is 1.5 �M (M. C. Kennedy, personal communi-
cation). Taken together, the results reported herein suggest that
phosphorylation selectively impairs one mode of c-acon enzymatic
action and provide a unique example of how phosphorylation may
alter enzyme function.

Whereas there is evidence that a number of TCA cycle enzymes,
including m-acon, are phosphoproteins, there are few examples
where the consequences of phosphorylation are clearly understood
(29). A well defined example is the case of E. coli isocitrate
dehydrogenase (30), where phosphorylation at the active site
residue S113 inactivates the enzyme when acetate is the sole carbon
source and isocitrate flux through the TCA cycle is decreased to
provide for increased flux through the glyoxylate cycle. Our results
support the concept that phosphorylation of S711 selectively im-
pairs the citrate mode of c-acon action in mammalian cells and that
the metabolic consequences in the cytosol might include enhanced
accumulation of citrate and�or a depletion of isocitrate and possibly
NADPH. It will be of interest to determine whether S711 phos-
phorylation reduces cytosolic isocitrate levels and impairs the
defense against oxidative stress in mammalian cells as the S711
phosphomimetic mutants do in yeast.

The demand for cytosolic citrate might increase in iron deficiency
as an adaptive response to alter fuel metabolism in the face of
impaired muscle mitochondrial function. Iron deficiency can lead to
high liver and serum triglycerides (reviewed in ref. 31). The reasons
for this effect are unclear but may relate to reduced muscle use of
fatty acids as a fuel because of impaired muscle mitochondrial
function. Increased accumulation and storage of triglyceride might
represent a means to store fuel in anticipation of future iron
sufficiency and proper muscle mitochondrial function (31). Alter-
natively, the increased requirement for glucose as a fuel source for
iron-deficient muscle might require phosphorylation of liver c-acon
to enhance liver gluconeogenic capacity (31). Recent studies sug-

gest there is increased citrate export from iron-deficient liver
mitochondria (K. Ross and R.S.E., unpublished observations). In
terms of a more direct use in iron metabolism, accumulation of
citrate might expand its use as an iron carrier, possibly for enhancing
mitochondrial uptake of iron when mammalian cells are iron
deficient. On a similar theme, and given the conservation of the
S711 region in bacterial acnA enzymes, it is tempting to speculate
that if S711 phosphorylation occurs in E. coli, then citrate accu-
mulation and export could be of use in iron uptake by the ferric
citrate transport system (32). In this regard, it is of interest to note
that acnA is regulated by Fur, a key transcription factor in E. coli
iron homeostasis (5, 6). A role for E. coli aconitases in iron
metabolism has been suggested, but this role is focused on the
effects of loss of the Fe–S cluster primarily in acnB (5, 6). It will be
of interest to determine whether S711 phosphorylation is altered as
a function of iron status.

What are the relative roles of phosphorylation of S138 and S711
in controlling IRP1�c-acon function in mammalian cells? Our work
described here supports the hypothesis that phosphorylation of
S711 preferentially affects the aconitase function of IRP1. In
contrast, previous work from our laboratory (9–13) indicates that
although S138 phosphorylation greatly destabilizes the Fe–S cluster
in IRP1 and consequently indirectly alters c-acon activity, the
primary effect of S138 phosphorylation is to alter the set point and
mechanism of iron regulation of the RNA-binding activity. Hence,
it appears that phosphorylation of S138 or S711 by PKC or other
kinases may serve to dictate the use of IRP1�c-acon in cellular
metabolism and regulation. Future studies should be directed at
determining the effects of IRP1 phosphorylation at these sites, the
factors that induce changes in S138�711 phosphorylation, their
kinetics of in vivo phosphorylation, and which phenotype predom-
inates when both sites are phosphorylated.
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